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I. Introduction'. In hibernating mammals the respiratory quotient
shows a considerable range; during the autumn, when the marmot is
depositing in its tissues a large store of fat, upon which to live during
the period of torpidity, the quotient may be considerably above unity;
during the winter-sleep the quotient may fall to 0O5 or even to 03.
These variations in the relation of the intake of oxygen to the output
of carbon dioxide need further study, for they probably represent in an
exaggerated manner differences in metabolism which are present in
non-hibernating mammals.

In a former investigation 2 the respiratory exchange of a marmot
was determined during the periods of activity, torpidity and the
awakening, the passage from torpidity to activity. This work has been
extended by observations upon dormice and hedgehogs.

The respiratory exchange was determined in the case of hedgehogs
by Haldane's3 modification of Pettenkofer's method; the apparatus was
thje one which was used for the experiments upon the marmot. For the
dormice was employed the small respiration-apparatus whichi was
described in the account of experiments upon mice'.

1 The expenses of this research were defrayed by a grant from the Royal Society.
2 This Journal, xxvii. p. 66. 1901.

Ibid. xiIi. p. 419. 1892. 4 Ibid. xv. p. 402. 1893.
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M. S. PEMBREY.

In order to eliminate, as far as possible, the influence of changes
in external temperature all the animals were kept in a room with
double doors, walls and windows, and without any artificial source of
heat; the experiments were performed in an adjoining room, in which
there was also no artificial heat. At no time in the day are the rooms
exposed to the direct rays of the sun.

II. The Respiratory Exchange and Temperature of Dormice. These
small animals are most suitable for experiments upon respiratory
exchange, for associated with their large surface in relation to their
mass are the characteristic and energetic cbanges in metabolism found
in small mammals. An accurate method, however, must be used, for it
is impossible to obtain exact or comparable results from determinations
of the respiratory exchange of several dormice placed together in
the respiration-chamber. Hibernating mammals are subject even in
summer to considerable variations in their activity and internal
temperature, and in winter one dormouse may awake from its sleep
without disturbing its torpid companions. In these experiments there-
fore only one dormouse was placed in the respiration-chamber at the
time of a determination.

The tables of results will show that observations were made upon
the same individuals over a period of several months. The results fall
into three natural groups according to the condition of the animal,
(1) activity, (ii) torpidity and (iii) the awakening, the passage from
torpidity to activity.

(i) Activity. Table I. gives the results obtained when the dormice
were awake and active, and possessed an internal temperature above 300.
The duration of each period was half-an-hour.

These results show that the respiratory quotient, 02, of the active

dormouse varies from 0-878 to 0-698; these are low values for a
herbivorous animal, btit they are due to the fact that during the cold
months of the year the animals were living partly upon the fat which
had been stored in their bodies during the previous autumn. -In every
case the animals whicb were kept through the winter showed a decrease
in weight and although they were supplied with food they did not
fatten in the spring; this is shown by the weights given in the tables'.
*Under natural conditions the dormouse appears to fatten towards
the end of the summer and during the early part of the auttimn.

1 Bee Table V, p. 204,
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M. S. PFMBREY.

Dormice could not be obtained during the summer; for this reason
the respiratory exchange of these animals during fattening must be
left for a future investigation.

Although in these experiments the dormice had been awake and
active for some hours before the determination was commenced, yet
their temperature showed considerable variations. This is characteristic
of hibernating animals even in the summer.

It is of some importance to mention that the experiments were
made between 11 a.m. and 5 p.m., for the dormouse is more active at
night than in the early part of the day.

The discharge of water does not in all cases represent only the
evaporation from the respiratory tract and the skin, for in some cases
faeces and urine were passed in the respiration-chamber and by
evaporation increased the amount of water taken up by the absorption-
ttabes. In four cases neither urine nor faeces were passed during the

experiment; the quotient is about 1,6.
1120

The quantity of carbon dioxide discharged by an active dormouse
appears to be as great as that discharged by a mouse under similar
circumstances as regards food and external temperature'.

(ii) Torpidity. During its winter-sleep the dormouse Ls coiled up
tightly into a ball, so that the under-surface of its body is not exposed.
It is impossible, therefore, to determine the rectal temperature without
disturbing, and in many cases awakina, the animal. For this reason the
small bul ^of a sensitive thermometer was gently placed in the coil
of the animal: the value of such a determination is slightly below
that of the rectal temperature, but the difference, as shown by the
control experiments which are given in the tables, is generally less than
two degrees. The determinations of the respiratory exchange are for
half-an-hour, or have been reduced to that time.

During torpidity the respiratory exchange is greatly reduced; the
discharge of carbon dioxide may be only a hundredth part of the
quantity discharged by the same 4nimal when it is awake; the
absorption of oxygen is also reduced but not in the same proportion;
the torpid dormouse takes in a relatively larger quantity of oxygen,

with the result that the respiratory quotient 02° may fall to 0-23.

The discharge of water is only reduced to about one-third of the value
which is obtained in the case of the active animal.

SSee this Tournal, xv. p. 401. 1893.
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M. S PEMBREY.

The values obtained in the case of the hibernating animals vary
according to the torpidity of the animal; the deeper the torpidity, as
shown by the low teinperature and the prolonged absence of respiratory
movements, the smaller the respiratory exchange. When the animal
exhibits periodic respiration and a slight rise in temperature, the
respiratory exchange is greater and the respiratory quotient rises.
This is shown by the fifth and the eighth observation in the above
table. For these reasons no average value can be correctly given for
the torpid animal. -A consideration of the tables also shows that the
external temperature is not the sole factor which determines the
extent of the combustion, for with the same external temperature
the respiratory exchange may, according to the condition of the
animal, be reduced to the lowest ebb or be a hundredfold greater.

The low respiratory quotients are of special interest and find
the best explanation in the view of Voit and Chauveau that fat may
form sugar, which can be stored up as glycogen in the liver and
muscles. Hibernating animals possess a large deposit of fat which
disappears during the period of torpidity, and at the same time, as
Claude Bernard showed, glycogen accumulates in the liver. The
equation suiggested by Chauveau is as follows-

2 (Ca7H1Os06) + 6702 = 16 (CQH1206) + 18CO2 + 14H20,

the respiratory quotient of which is C02= 18= 0-268.

The complete combustion of fat would not explain the low
quotients; olein, for example, would yield a quotient as high as 0-71.

(iii) Awakening, the passage from torpidity to activity. The slight
disturbance caused by enclosing the torpid dormouse in the respiration-
chamber was in several cases sufficient to awake it; the apnceic
condition of the animal was broken by more frequent respirations of a
periodic type, Biot's respiration and Cheyne-Stokes' respiration; the
animal partly uncoiled itself, incoordinate moveinents of its limbs
and body, tremors or even violent shivering, occurred and it was soon
wide awake, breathinig rapidly and regularly. This awakening was
accompanied by a rapid wise in the temperature of the dormouse and
by a great increase in its respiratory exchange. In the following table
the periods are for half an hour.

At first sight the respiratory exchange during the awakening does
not appear to be greater than that observed during an equal period in
the active animal. Such a conclusion would be erroneous, for it is

200
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M. S. PEMBREY.

necessary to take into account the fact that the animal is during the
first part of the period of awakening in a torpid condition and is the
seat of an extremely small respiratory exchange. Moreover, in the
earlier stages of the awakening' the temperature rises slowly and the
respiratory exchange, although considerably increased, is not augmented
as at a later stage to a hundredfold. When the animal's temperature
has risen above 140, a much more rapid rise takes place.

Table IV. shows how rapid the rise in temperature may be during
the awakening. The temperature could be observed only at the
commencement and at the end of the determination of the respiratory
exchange; the rate of rise is therefore without doubt under-estimated.

TABLE IV.

Temperature
No. of

Dormouse Before After Rate of rise in temperature.
0 0 0

III. 14-5 2815 14 0 in 44 minutes.
IV. 11.5 25 0 135 ,, 43
III. 11-75 25-0 13-2 ,,49 ,
VI. 11-75 31.0 19-2 ,, 42
I. 16-5 32,27 15-8 ,, 42

III. 15.0 21-0 6-0 ,, 17

It is of interest to calculate, as Marbs has done in the case of
spermophiles, whether the combustion as represented by the absorption
of oxygen and the discharge of carbon dioxide is sufficient to raise the
animal's temperature so rapidly. The specific heat of the body may be
taken as 0-8. The dormouse III, which weighed 20 grms, raised its
temperature 140 in 44 minutes and during 30 minutes of that time it
discharged 1050 decimilligrammes of carbon dioxide and absorbed 1010
decimilligrammes of oxygen. The minimal amount of heat would be
20 x 08 x 14 = 224 calories.

The heat yielded by the combustion of 1 gramme of fat is 9423
calories; the oxygen absorbed is 2-930 grms and the carbon dioxide
produced is 2-817 grms; the respiratory quotient is 0-703. In other
words the heat corresponding to 1 grm of oxygen would be 3215
calories, and to 1 grm of carbon dioxide 3341 calories (Laulanie).

If it be assumed that fat supplied the combustible material during
the awakening of the dormouse, then for a yield of 224 calories there

1 See the fifth and eighth observations in Table II. p. 199.
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RESPIRATORY EXCHANGE.

would be an absorption of 697 decimilligrammes of oxygen and a
production of 670 decimilligrammes of carbon dioxide during the
complete combustion of 238 decimilligrammes of fat. The dormouse
absorbed 1010 decimilligrammes of oxygen and discharged 1050
decimilligrammes of carbon dioxide in half an hour; the combustion was,
therefore, quite sufficient to account for the rise in temperature, even
if ample allowance be made for the loss of heat by the skin and
respiratory tract.

The assumption that fat was the sole combustible material is not
justified, for, although the animal was taking no food and was living
upon its stores of fat, the respiratory quotient 0-756 is above that
yielded by fat, especially when allowance is made for the very low
quotient at the commencement of the awakening from torpidity. It is,
therefore, probable that there is during the awakening a rapid
conversion of glycogen into sugar, which undergoes combustion yielding
a respiratory quotient 1, but that this quotient is masked or reduced to
0-756 by a simultaneous partial combustion of fat and the formation of
more glycogen and sugar. Claude Bernard and Dubois have shown
that glycogen disappears very rapidly during the awakening from
torpidity. Moreover the dormouse, as it awakens, shows increased
muscular action and may even shiver violently. It is improbable that
this muscular activity is carried on at the immediate expense of fat,
instead of carbohydrate.

The discharge of water by the awakening dormouse does not
increase in proportion to the increase in the carbon dioxide. This may
be due to the difference in the temperature and respirition of the
animal in the conditions of activity and awakening; further experiments
are necessary to determine whether there is a retention of water. From
a teleological point of view this would be expected, for the dormouse
during its winter-sleep is steadily losing moisture and would advantage-
ously retain during the awakening some of the water formed by the
combustion of its carbohydrate and fat. This difference in the output
of water is not so miarked as in the marmot; the reason is probably to
be found in the fact that the winter-sleep of the dormouse is much
more broken than that of the marmot by intervals of activity and
feeding.

The weights of the dormice at the first and last experiments and at
the time of their death are given in the following table.

203



204 . M. S. PEMBREY.

TABLE V.
Final

Dor- Weight Date Weight Date Weight Date loss in wt.
mouse grms. 1902 grms. 1902 grms. 1902 grn.

I. 22 10. ii. 18 20. v. 17 19. vii. 5
II. 23 11. ii. 20 27. v.
III. 20 12. ii. 16 28. iv. 10 19. vii. 10
IV. 19 18. ii. 15 16. iv. 10 21. iv. 9
V. 23 25. ii. 13 18. iv. 10
VI. 17 27. ii. 15 16. iv. 12 24. iv. 5

A large number of dormice have been under observation during the
last few years and it has been found that the mortality is chiefly in the
spring and early summer. The conditions, under which the animal is
placed during captivity, seem to be unfavourable for its complete
recovery from the drain which is made upon its resources by
hibernation.

III. The Respiratory Exchange and Temperature o/ Hedgehogs.
It is of interest to compare the respiratory exchange of these
insectivorous animals with that of the herbivorous animals, the
dormouse and marmot. The hedgehogs during captivity were fed uipon
bread and milk, snails and raw meat, for it was impossible to obtain a
sufficient and varied supply of insects and other natural food; during
the periods of activity the food was eagerly eaten. The hedgehog is a
nocturnal animal; it is therefore of some importance to mention that
all the experiments were performed between 10 a.m. and 5 p.m.

As in tho case of the other hibernating animals the results for the
respiratory exchange and temperature can be placed in three natural
groups based upon the condition of the animal, (i) activity, (ii)
torpidity and (iii) the awakening, the passage from torpidity to
activity.

(i) Activity. In Table VI. are given the results obtained when the
hedgehogs were awake and possessed an internal temperature above
300. During the experiments the animals were quiet and partly
uncoiled; very rarely did they move about in the respiration chamber.
The periods are for one hour.

In considering the respiratory exchange of the hedgehog it is
important to remember that the animal's skin and spines make up
about one-third of the total body-weight. One hedgehog (VII), which
died in May, was roughly analysed; there was very little fat in the
body. The skin weighed 138-5 grins, the muscles 37 9, the heart 3 7,
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M. S. PEMBREY.

the liver 19 6, the lungs and trachea 5 7, the kidneys 7-2, thle skeleton,
with alimentary canal, central nervous system, some muscle and other
organs, 2296 grmis. The total of these weights is 4422 grms; the
weight of the entire body before the dissection was 455-2 grms; the
difference, 13 grms, may be attributed to the blood lost. There was
a considerable quantity of liquid in the alimentary canal.

The respiratory exchange of these hedgehogs, calculated for 1 hour
and for 1 kilogram"n?e of body-weight, is about equal to that of a

002guinea-pig. The respiratory quotient, 02, varies from 0-73 to 087;
such variations would be expected in animals sometimes fasting, at
other times feeding on a mixed diet of bread, milk, and meat. The
discharge of water represents the moisture given off by the respiratory
tract and the skin, for during none of these determinations did the
animal pass urine or faeces. The temperature of the body shows even
in the active animal considerable variation; this is also the case in
the marmot and dormouse. It was impossible to take the temperature
otherwise than in the coil of the animal's body, for, apart from the
protection afforded by the sharp spines, the force necessary to uncoil
the body greatly disturbed the animal. The thermomneter was, there-
fore, always inserted into the deep and closed cavity formed by the
coiled-up body; the bulb was thus in contact with the under-surface
of the body which is covered only by scanty hairs.

The determinations were made, as the dates show, during the
winter.

(ii) Torpidity. During the winter-sleep the hedgehog is tightly
coiled up into a ball, so that the projecting spines on all sides protect
the vulnerable under-surface of the body, the head and limbs, and at
the same time diminish the loss of heat. The orbicularis panniculi
and other cutaneous muscles, by the action of which the hedgehog
coils itself up in a ball, are in a condition of tonic contraction during
torpidity, but are relaxed as the animal awakes and partly uncoils
itself. Table VII. gives the determinations of the respiratory exchange;
thie periods are for one hour.

These figures show that the respiratory exchange of the hedgehog
is much reduced during torpidity. The values for the carbon dioxide
discharged are from one-tenth to one-twentieth of those obtained when
the animal was awake but at rest: the absorption of oxygen is not
reduced in the samne proportion, and thus the respiratory quiotient may
be as low as 051. The discharge of water represents the moisture

206
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28M. S. PEMBREY.

from the respiratory tract and the skin, for during none of these
experiments did the animiial discharge urine or faces. The water
shows a reduction, but one much smaller than that of the oxygen
and carbon dioxide.

It is of little value to take an average of these figures, for the
tetnperatures of the animals were different, and in some cases the
temperature of the same animal varied during the experiment. In
the first two experiments recorded in the table the temperature of the
hedgehog was above 200 at the commencement of the observation, but
the animal became more inactive and torpid during the period and
its temperature fell. These figures may, therefore, represent torpidity
in its earlier stages; on the other hand it may be that the animal was
ill at this time, for it died a week after the last experiment.

The explanation of the low respiratory quotient during the torpidity
of these animals would appear to be similar to that already given for
the marmot, and dormouse (p. 200).

(iii) Awakening, the passage from torpidity to activity. When the
torpid hedgehog begins to awake, its very shallow and infrequent
respirations are increased in frequency and force, and from time to
time are broken by a deep sighing respiration. As its temperature
rises the hedgehog partly uncoils itself and its respiration for a time is
of a deep pumping character and shows periods of rapid sballow
breatbing; sometimes marked tremors were observed.

In the following table of the respiratory exchange each of the first
four experiments is for one hour and the animal's temperature rose
above 300; the next two experiments are for half an hour, and the last
of the series is for one hour.

These figures show that during the awakening the respiratory
exchange is greatly increased; it is at least twice as great as that
observed in the same animal when it is fully awake and at rest.
Compared with the results obtained during torpidity, the respiratory
exchange is thirty or forty times as great. The increase is really
greater, for allowance must be made for the earlier stages of the
awakening when the combustion is much smaller; this is proved by
the last three experiments given in the table.

Co2The respiratory quotient 02 rises and is for a period of one hour

during the awakening 0 75 to 0-81, but here again it is necessary to

1 This Journal, xxvii. p. 70. 1901.
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0M. S. PEMBREY.

remember that in the earlier stages the quotient is as low as 0O55.
An explanation similar to that given in the case of the marmot may
be adduced; it is probable that two processes are concerned in the

resultant C02-= 0 75 to 0-81, a combustion of sugar yielding a quotient 1,07
and an incomplete combustion of fat with the formation of glycogen
and sugar yielding- a quotient 0 28.

The discharge of water represents the moisture from the respiratory
tract and skin, for the animals did not pass urine or feeces during any
of the determinations. The amount of water discharged by the
awakening hedgehog does not increase in proportion to the increase
in the carbon dioxide, in fact the moisture is less than that yielded
by the same animal when it is fully awake, and is only about twice
as great as that discharged by the torpid animal.

The rapidity of the rise in the temperature of the hedgehog is
shown by the following table.

TABLE IX.

Temperature
No. of

Hedgehog Before After Rate of rise in temperature.
0 0 0

IIL. 13-75 30 2 16-4 in 98 minutes.
IV. 16-25 31-75 155 ,, 105- ,
V. 9,75 30-5 207 ,, 122
V. 10-25 30.5 202 ,, 125 ,,
V. 10.0 20a0 10o ,, 67

The temperature was taken before and after the determination
.of the respiratory exchange. A calculation similar to that given in
the case of the awaking dormouse (p. 202) shows that the combustion
is sufficient to account for the rise in temperature, even when every
allowance is made for the loss .of heat from the animal.

The following table shows that the hedgehogs lost weight during
the winter and spring although they from time to time took food.

IV. Work of previous Observers. The chief literature bearing
upon the respiration and temperature of hibernating animals has been
given in recent papers' and there the results obtained by previous
observers have been considered in relation to the subject of the present
research. It is unnecessary, therefore, to recapitulate what has been

I See references, p. 212.
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so recently given, especially since the present research is an extension
of the former work, and will, it is hoped, be enlarged during future
winters by experiments upon the metabolism of hibernating animals.

TABLE X.
No. ox Weight Date Weight Date

Hedgehog grms. 1901 grms. 1901 Remarks

II. 548 13. xi. 473 19. xi. Died 26. xi. 1901.
1902

III. 548 28. xi. 429 6. iii. Died 20. iii. 1902. Total
weight = 377.5 grms.
skin = 1275 ,,

IV. 698 3. xii. 650 9. i. Still alive two months after
last experiment.

V. 580 14. i. 561 *27. i. Died 26. iii. 1902.

VI. 581 5. iii. 554 6. iii. Still alive two months after
last experiment.

V. SUMMARY AND CONCLUSIONS.

The observations upon the temperature and respiratory exchange
of hibernating mammals fall into three natural groups according to the
condition of the animal, (i) activity, (ii) torpidity, and (iii) the awakening,
the passage from torpidity to activity.

When the dormouse and hedgehog are wide awake and have a
temperature above 300, the respiratory exchange is apparently equal
to that of non-hibernating mammals of similar size. The temperature
of the active animals is liable to considerable variations.

When the dormouse is torpid and its temperature is about 120, the
respiratory exchange is greatly reduced; the discharge of carbon dioxide
may be equal to only a hundredth part of the quantity discharged by
the same animal when it is awake; the absorption of oxygen is also
reduced but not in the same proportion; the torpid animal takes
in a relatively larger quantity of oxygen and thus the respiratory

quotient C02 may fall to 0'23.
The temperature of a dormouse awaking from torpidity may rise

as rapidly as 190 in 42 minutes; the respiratory exchange is greatly
increased and the respiratory quotient rises to 0175. The combustion
is quite sufficient to account for the rise of temperature, even if ample
allowance be made for the loss of heat by the skin and respiratory tract.

In the case of the torpid hedgehog also the respiratory exchange
is greatly reduced; when the temperature of the animals is below 160
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the carbou dioxide discharpged is fromn one-tenth to one-twentieth the
quantity discharged by the animals when they are awake but at rest.
The absorption of oxyogen is not reduced in the same proportion and
thus the respiratory quotient may be as low as 0-51.

When the hedgehog awakes from its winter-sleep its temperatuire
may rise 200 in 120 miniutes. The respiratory exchiange is greatly
increased; it may be thirty or forty timles as great as that of the
torpid animal. The respiratory quotient rises to 0-78. The increase in
combustion is a sufficient explanation of the rapid rise in temperaiture.

The low respiratory quotients, 0-23 and 0 50, which are observed in
the hibernating dormouse and hedgehog, are probably to be explained
by the partial combustion of fat and the formation of sugar which is
stored up as glycogen in the liver and in the muscles.

Duiring the awakening from torpidity there appears to be a retention
of water, but upon this point further experiments are in progress.

The results obtained with dormice and hedgehogs confirm those
which were previously obtained withl the marmot.

VI. REFERENCES.

The work of pre-ious observers is discussed and references are given
in the following papert

_Pembrey and Hale White. This Journal, xix. p. 477. 1896.
Pembrey and Pitts. Ibid. xxiv. p. 305. 1899.
Pembrey. Ibid. xxvii. pp. 66, 407. 1901.

A preliminary communication on this research was given at the
nmeeting of the Physiological Society, February 1902.
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